A comprehensive process of pretreatment and oxidation of lignin char was developed to optimize the production of activated carbon. The lignin char was obtained by carbonization of lignin under nitrogen at 600 ∘ C for 2 hours. The optimum time and temperature used to oxidize the char without destruction were, respectively, 6 hours and 245 ∘ C. The oxygen improves the reactivity of the sample in CO 2 and evolved the sample of a thermoplastic behaviour to a thermosetting behaviour. The oxygenation in air of the lignin char does not change the mode of deformation acquired by the material during the carbonization. The preoxidized coal reacts more than the nonoxidized coal during the CO 2 activation, whereas the reduction in volume in the first case is smaller than in the second. The preoxidized and then activated carbon shows the formation and the development of microporosity at the expense of macroporosity. This microstructure is one of the main characteristics of activated carbon, which can be used as adsorbent for different pollutants.
Introduction
The activated carbon can be prepared from organic substances of various origins. The physical activation, which consists in carbonizing the organic matter and to gasify the char, is one of the methods to prepare the activated carbon. During their carbonization, the majority of the organic substances acquire, in the case of a plastic deformation, thermomechanical characteristics and physical properties that confer thermal resistance to coals during their gasification.
Fossil coals are most stable thermically and their activation requires relatively high temperatures [1] . It would seem, according to the literature, that the reoxygenation of fossil coals makes it possible to reduce their thermal resistance and consequently to improve their reactivity [2] [3] [4] [5] [6] . Oxidation in air of the fossil coals is a fundamental stage in the preparation of the activated carbon. The operation consists in treating coal in air at temperatures lower than 400 ∘ C [7, 8] . The literature specifies that the pretreatment acts on the physical properties in particular on the thermoplasticity [9] [10] [11] [12] [13] [14] , on the chemical composition [15] [16] [17] [18] [19] [20] , and on the porous structure [21] [22] [23] [24] [25] [26] .
The reoxygenation is also applied to coals of vegetable origin [15, 20, [27] [28] [29] . Some work was interested in carrying out the pretreatment before or after carbonization. According to Fernandez Ibañez [27] , the reactivity of coal during the gasification is better when the preoxidation is carried out before carbonization of the olive cores and the apple pulp. On the other hand, our work on wood [28] showed that oxygenation is more interesting after carbonization.
As it is the case of some fossil coals [16] , lignin undergoes a plastic deformation by crazing during its carbonization giving it a high thermal stability [30] . The aim of this work is to study the effect of the pretreatment in air on the thermal stability, on the physicochemical and physical characteristics of the lignin char, and on the reactivity of oxidized coal during the gasification. The microstructure of preoxidized and then activated carbon will be presented. [30, 31] . The lignin char was obtained after carbonization. The carbonization of lignin was carried out in a tubular furnace under flowing nitrogen of 30 cm 3 /min at a heating rate of 10 ∘ C/min. The temperature of carbonization was of 600 ∘ C and the soaking time of the carbonaceous residue at this temperature was 2 h. The coal thus prepared was called CL600. The elemental analysis of the lignin char was given in Table 1 .
Preoxidation Procedure.
The samples of CL600 were preoxidized in the furnace under 24 cm 3 /min airflow. The temperature of preoxidation (noted po ) varied from 60 to 300 ∘ C and the duration of the pretreatment (noted po ) varied from three to 24 hours.
Activation Procedure.
The samples of CL600 preoxidized or not were gasified in the presence of 24 cm 3 /min of CO 2 flow. 100 mg of the sample was heated under nitrogen up to the temperature of activation. Once the activation temperature was reached and remained constant, the nitrogen was stopped and CO 2 was introduced into the furnace. The domain of activation temperatures was between 600 and 900 ∘ C. At the end of the reaction, cooling was carried out under nitrogen. The degree of activation called "burn-off " and noted BO was evaluated by the following relation:
where is coal mass before activation and ac is coal mass after activation.
Characterization Methods.
Morphological analysis of samples was performed by scanning electron microscopy (SEM), GEOL JSM T330, at the Department of Physics of the Faculty of Sciences, Rabat, Morocco.
The surface area was determined by nitrogen (N 2 ) adsorption-desorption isotherms at 77 K using an automated gas sorption system "Micrometrics ASAP 2010" instrument. The degasification of the samples was carried out at 250 ∘ C during two hours under a mixture containing helium 70% and nitrogen 30%. The specific surface area was calculated by the Brunauer-Emmett-Teller (BET) method. the principal directions before and after treatment. The total deformation corresponds to the volume variation of a material. This variation can, in general, be represented by Jacobian of the transformation (noted ) [30, 31] . Jacobian was the ratio of the sample volume ( ) to the initial volume ( ).
Dimensional Variations
In the mechanics of the continued mediums, Jacobian was as follows:
where ⃗ was the vector displacement and 1 , 2 , and 3 were the deformations in the principal directions of the sample.
Results and Discussion

Mass Loss and Dimensional Variations during the Carbonization.
The mass loss and the dimensional variations of the lignin according to the temperature were given in Figure 1 . The result shows that the lignin begins to decompose at 180 ∘ C and the percentage of the char at 600 ∘ C is about 50%. The plot of the Jacobian of the transformation shows four deformation zones. The first, in the range from 140 to 180 ∘ C, shows a shrinkage; the second, in the range from 180 to 260 ∘ C, shows a dilatation which peaked at 260 ∘ C. Beyond this temperature and up to 350 ∘ C, the Jacobian keeps almost constant. In the last step, between 350 and 600 ∘ C, the Jacobian decreases, resulting in a narrowing; therefore, the lignin undergoes a major dilatation. At 260 ∘ C, the volume is four times higher than its initial volume. According to Friedrich [32] , any increase of solid volume expresses a plastic deformation by cavitations. Forming the plastic phase slows degradation process and transforms the substance into a stable form [33] [34] [35] [36] [37] [38] [39] . an initial weight loss followed by a resumption of mass between 60 and 140 ∘ C. Up to 140 ∘ C, two distinct zones were observed in which the mass loss decreases according to the temperature. The loss is about 5% between 140 and 270 ∘ C and 30% between 270 ∘ C and 300 ∘ C. As the objective of the preoxidation was the reoxygenation of the substance without destruction, the preoxidation temperature of lignin char must be lower than 270 ∘ C. Thus, the temperature selected to carry out the preoxidation of the lignin char was fixed at 245 ∘ C. The elemental analysis of the preoxidized sample at temperature below 270 ∘ C was given in Figure 3 . The shape of the carbon content plot (Figure 3(a) ) as a function of the preoxidation temperature is similar to the mass loss plot while the oxygen content (Figure 3(a) ) moves in the opposite direction. At 140 ∘ C, corresponding to weight gain (Figure 2 ), the carbon content is high while that of oxygen and hydrogen (Figure 3(b) ) is low in comparison with the other samples. The decrease in the oxygen content and hydrogen is due to the dehydration that occurs by the departure of water molecules. Up to 140 ∘ C, the carbon content decreases with the temperature of preoxidation while that of oxygen and hydrogen increases. This can be explained by a partial oxidation of coal with more oxygen scavenging.
Mass Loss and Elemental Analysis during the Preoxidation.
The evolution of the mass loss of the samples preoxidized at 140 ∘ C and 245 ∘ C according to the preoxidation duration was represented in Figure 4 . The results indicate that the loss of mass of the samples at 140 ∘ C is practically insensitive at oxidation time up to 9 hours and does not exceed 8% after 40 hours of reaction. On the other hand, at 245 ∘ C, the loss exceeds 10% at the end of 9 hours of oxidation in air. For these two temperatures, the pretreatment time retained was 6 hours.
Our results are in good agreement with those of Pis et al. [9] , which also noted that the mass of coal changes during the pretreatment in air and depends on the time and the temperature of pretreatment. The change in the mass [9] could be attributed to two processes which can take place separately or simultaneously. The first related to the fixing of oxygen inducing the increase in mass. The second is attributed to the elimination of the gaseous products, such as the carbon dioxide, the carbon monoxide, and the steam water that leaded to the loss of mass.
Yield of the Activation.
The degree of activation of the samples pretreated according to the temperature of preoxidation was given in Figure 5 . Figure 5 shows that the BO of the preoxidized samples decreases between 60 ∘ C and 140 ∘ C and then increases. This indicates that oxygenation has an effect on the gasification only up to the temperature of 140 ∘ C, result corroborated by the elemental analysis ( Figure 3 ) and by the microscopic analysis. The reactivity of different substances like the anthracite [3] , the phenolic resin fiber [7] , the bituminous coal [8] , and the petroleum coke [26] was improved when they have been preoxidized before gasification. Table 2 summarizes the values of specific surface areas of CL600, activated CL600, and preoxidized and activated CL600. The results show that the reoxygenation of the char prior activation significantly improves the surface area of the sample.
Specific Surface Area of the Activâts.
One of the main characteristics of the activated carbon is having a large surface area. According to previous work [4, 6, 9, 10, 16] , the specific surface area of preoxidized coals was higher than that of nonoxidized. This behaviour has been explained [16, [40] [41] [42] by the formation of the crosslinking between the macromolecules of coal and connections supported by the oxygen contribution. Pis et al. [9] indicate that oxidation opens the pores and widens them which involve the increase of specific surface area.
Dimensional Variations.
The evolution of the dimensional variations of the samples during the reoxygenation and during the activation was represented in Figure 6 . The Jacobian of the reoxygenation po (line 1) as that of activation act (line 2) indicates that the material volume increases. Moreover, this evolution is similar to that of ratio O/C ( Figure 7) .
Overall, dimensions of the oxidized and then activated sample are lower than those of the oxidized sample. Moreover, in both cases, the sample volume increases up to 140 ∘ C. However, the increase in volume is more significant during activation than during oxygenation. The weak increase in volume of the substance during oxygenation could be explained by the only rearrangements caused by the oxygen contribution; the effects of the temperature have no major consequences since the pretreatment is carried out at low temperatures. On the other hand, during activation, the high temperature seems to induce the rearrangements caused by the oxygen contribution and to lead to a significant increase in volume between 140 ∘ C and 245 ∘ C. 
T po ( ∘ C) Journal of Engineering Journal of Engineering CL600 CL600 (140 Maloney et al. [13] studied the dimensional materials variations during oxidation in air. They noted that when the oxygen fixing is lower than 2%, oxidation causes substantial reductions in the variations of material volume. Figures 8 and 9 include the micrographs relating to the evolution, respectively, of the external and internal structure of the lignin char after pretreatment in air and activation.
Microscopic Characterization.
The starting structure or reference is that of coal resulting from carbonization and all the comparisons will be made compared to this reference.
The micrographs of pretreated lignin char (Figure 8 ) show that the substance becomes more and more massive and presents the cracking in comparison with the coal. The surface change and the appearance of the cracks indicate the evolution of a thermoplastic material behavior to a thermosetting behavior. This observation was also advanced by other authors [16, 24, 43] .
The observations relating to the internal part ( Figure 9 ) show that the preoxidation has an effect on the dimension and the number of the crazing. In fact, for times less than 9 hours, the dimension of the crazing decreases and their number increases resulting in the rearrangements caused by oxygen. However, up to 9 hours, the dimension of the crazing increases; the decomposition of the char by the oxygen would be the cause.
The preoxidized sample for 6 hours at 140 ∘ C presents a more dense structure than non-preoxidized sample and preoxidized sample at 245 ∘ C for the same treatment time; that explains the decrease in volume of the sample at 140 ∘ C ( Figure 6 ). The decrease in volume corresponds to the shrinkage of the sample, which occurs during dehydration.
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Indeed, the preoxidized and activated sample ( Figures  10(b) and 11(b) ) presents less macropores and more micropores compared with the non-preoxidized sample before activation (Figures 10(a) and 11(a) ). The development of the microporosity in the preoxidized sample indicates, as has already been stated, that the structure is more accessible to the penetration of CO 2 .
Several authors [21] [22] [23] [24] [25] [26] noted that the preoxidation has an effect on the development of the porous structure of the coal. The authors also stated that reoxygenation has allowed increasing the oxygen content of the coal, which implies an increase of the microporosity of char at the expense of macroporosity.
Conclusion
The aim of our study was to evaluate the effect of pretreatment on the characteristics of the activated carbon obtained from the lignin. It comes out from this work that oxidation in air has a notable influence on certain physicochemical and physical characteristics of the lignin char and on its reactivity during activation in the presence of CO 2 . However, the oxidation process does not affect the deformation mode acquired by the substance during its carbonization.
The duration and the temperature of oxidation have an effect on the mass, on the chemical composition of coal, and on its dimensions. The temperature and the treatment time determined to carry out the reoxygenation of the substance, without destruction, are, respectively, 245 ∘ C and 6 hours. The weight loss measurements and elemental analysis indicate that oxygenation results in partial oxidation of the coal with a fixing oxygen. Oxygenation also causes a slight increase in volume of the substance.
Oxidation in air of coal improves its reactivity during activation; its specific surface area and its porous structure are modified. This would be due to a reduction in the physical limitations and the modification of the physical properties of material revealed by the microscopic characterization. The first aspect would be related to the formation of the cracks on the surface of material and the second on the evolution of material from a thermoplastic behaviour to a thermosetting behaviour.
